High-frequency isolation quasi-Z-source inverter is extensively used in photovoltaic power generation systems due to its high step-up voltage ratio, high conversion efficiency, and electrical isolation. However, this type of inverter is likely to cause bifurcation and chaos in the system due to improper selection of parameters or external interference and the strong nonlinear characteristics of the inverter. The accurate discrete iterative mapping model of the Z-source inverter is developed to optimize the system parameters and improve its stability. The nonlinear phenomena of highfrequency isolated quasi-Z-source inverter are analyzed by using bifurcation diagram and folded graph methods, and the stable operation areas of the system are determined by a new method of coefficient linearization. Experiments were performed to validate the accuracy of the theoretical analysis. This paper provides a reference for the quasi-Z-source inverter isolation to maintain stable operation under high-frequency conditions and serves as a theoretical basis for further optimization design and system control. (a)Circuit experiment (c)k=0.5(bifurcation state) (b)k=0.4(bifurcation state) (d)k=0.8(chaos state) Fig. 7. Circuit waveforms of different scale parameters
Introduction
With the development of nonlinear dynamics, its theory is also extensively used in circuits and systems. Studies in this field mainly focus on the discovery and analysis of nonlinear behaviors, such as bifurcation and chaos [1, 2] . In power electronic devices, inverters play a key role in energy transfer. Inverter technology is a core technology of photovoltaic power generation systems. The nonlinear behavior research of DC/AC inverters started at the beginning of the 21st century. Robert pioneered the study on discrete iterative H-bridge map model, and analyzed the physical mechanism of H-bridge border collision bifurcation [3] . Based on the preceding studies mentioned, the bifurcation and chaos phenomena of peak-current controlled H-bridge DC chopper have been analyzed in detail in previous studies [4] .
The preceding studies mentioned take the DC as an inverter reference value but not sinusoidal output which operates in the DC/DC converter. Hence, Xue-mei Wang analyzed the bifurcation and chaos phenomena of single-phase SPWM inverter under the proportion adjustment [5] for the first time. Two scales, namely, rapid change and slow change, were introduced in reference [6] . The unstable phenomena and chaotic behaviors of rapid and slow changes in sinusoidal inverters are analyzed. The oscillation phenomenon in the inverter under digital control is thoroughly analyzed in reference [7] . The findings reveal that the oscillation occurs due to the Hopf bifurcation in the system. The reliability of power electronic system design improves with the comprehensive development of the research and development research methods.
This study examines the high-frequency isolation type quasi-Z-source inverter [8] characterized by electrical isolation, high step-up ratio, and reduction in the overall voltage and current stress of the device, which are all crucial to achieving a highly efficient photovoltaic grid in contrast to the traditional Z-source inverter. Existing research works focus on performance improvement, topology derivation, and practical engineering application, but the nonlinear behavior analysis of the inverter system is rare.
Therefore, this paper starts with the state equation of the inverter. The nonlinear dynamic behavior of high-frequency isolation quasi-Z-source photovoltaic micro inverter is analyzed by using the discrete iterative mapping [9] model. Folding diagram [10] and Jacobian matrix method are utilized to determine the stability of the system. The existence of nonlinear phenomena is determined by circuit simulation. The accuracy of the theoretical analysis is verified by the experimental data and waveform.
2 Establishment of discrete mode of high-frequency isolation quasi-Z-source photovoltaic micro inverter
Analysis of high-frequency mode
The working principle diagram of the high-frequency isolation quasi-Z-source photovoltaic micro inverter is shown in Fig. 1 , L is filter inductance, C is filter capacitor, N is transformer ratio, V in is input voltage, which comprises a photovoltaic panel, quasi-Z-source topology and isolation transformer, switch, L c filter, and load R. In the control part, the photovoltaic cell is ensured to operate at the maximum power point. The photovoltaic cell generates a shoot-through signal to change the DC-link voltage of the isolated quasi-Z-source inverter. The grid-tied current control signal combines the shoot-through signal to generate drive signals to control the inverter switches. The equivalent circuit model in the shoot-through state is shown in Fig. 2 (a). The following expression can be obtained based on Fig. 2 (a):
The equivalent circuit model in the non-shoot-through state is shown in Fig. 2(b) , in which the following equation can be obtained: 
In this study, the state-space averaging method is used to model the small signal of the circuit like the q-ZSI in the existing system, it has two states, namely shootthrough and non-shoot-through states. Shoot-through state is produced due to one or two phase legs, during this state, the reverse-bias voltage across the diode makes it to turn off, when the circuit is in the energy-storage state, the L 2 is charged, C 1 is discharged, C s charges and L s discharges. The equivalent circuit of this mode is shown in Fig. 2(a) , R is the equivalent resistance of inductance and r is the equivalent resistance of capacitance. The state variables L 1 , L 2 , V cs , and V c2 are given, the input voltage is V in , I dc and the output voltage is V dc . The equation can be obtained as follows: 
When
In the non-shoot-through operation state, the S 5 is turned off, the diode is turned on, and the circuit is in energy transmission state. At this point, L 2 discharges, C 1 charges, C s discharges, and the transformer transmits the energy to the load side. The inverter side can be simplified as a constant current source, the current is i dc , and the voltage is V dc . Taking the same state variable, the equation in the non-shoot-through operation state is obtained as follows: 
we obtain the following equation: The shoot-through duty cycle of the inverter is set to D, and the non-shootthrough duty cycle is 1 À D. The average state equation of the system can be obtained by the two preceding equations:
When the system is in steady state, Ax þ Bu ¼ 0. When the series-equivalent resistance of inductance and capacitance is not considered, the lower type can be obtained as follows:
It can be obtained by solving the following equation:
2.2 Establishment of discrete model Based on the preceding switching mode analysis of high-frequency isolated Z-source inverter, selecting switch S1 and S3 to be switched on, S2 and S4 to be switched off in state one, S2 and S4 to be switched on, and S1 and S3 to be switched off in state two.
State2
In the preceding equations, state variable i L is inductance current, and V c is capacitor voltage. By setting X ¼ ½i L V c T , the system state equation can then be expressed as:
To solve the equation _ x ¼ Ax þ Bu, we can obtain the solution:
Based on preceding equations, we can get the stroboscopic mapping discrete model as follows:
Here we know
If A 1 and A 2 are full rank, the equation can be derived as follows:
The discrete iterative mapping equation of the high-frequency isolation quasi-Z-source photovoltaic inverter is then derived from the state equation as follows:
In the equation, P ¼ e AT , Q ¼ ½e Að1Àd n ÞT ðe Ad n T À I ÞA À1 B 3 þ ðe Að1Àd n ÞT À I ÞA À1 B 4 N½Lð1 À 2DÞ À1 , where d n is the duty cycle of the Nth cycle, and its value is determined by the control part as follows:
where D is the duty cycle, k is the proportional control parameter, ¼ ½1 0, i refn is the reference current value in the Nth cycle, and equations (16) and (17) are the discrete iterative mapping model of the inverter system.
3 Dynamic behavior analysis of high-frequency isolation quasi-Zsource photovoltaic micro inverter
Bifurcation diagram analysis
The given circuit parameter as shown in Table I , When the proportional control coefficient k varies from 0.4 to 1, the simulation waveforms of the inverter side output current of the quasi-isolated Z-source photovoltaic inverter are shown in Fig. 3. Fig. 3(a) shows the simulation waveforms of the output current, which are under the condition where k is 0.4 and the system is in a stable state. When k ¼ 0:5, the system is in bifurcation state, and the output result is shown in Fig. 3(b) . Fig. 3(c) shows the output current simulation diagram when k ¼ 0:8, in which the system has entered a state of chaos.
Simulation results
A stochastic initial value is set into equations of the exact discrete iterative mapping model of systems to further analyze the nonlinear dynamic behavior of the inverter. Several number of periodic stable state variables is folded according to the sampling time to obtain a waveform in one cycle, which can visually reflect the system operation state as shown in the folding graph of the system. Meanwhile, the phase locus [11] reflects the projection of the system solution curve in the phase space, and the number of closed curves in the phase locus also reflects the system operation state. The folding graph and phase trajectory diagram of the system under different proportion control parameter values are illustrated by MATLAB. As shown in Fig. 4 , several periodic waveforms are overlapped or one curve when k ¼ 0:4, and the phase diagram is a closed curve, which corresponds to the steady state of the system; when k ¼ 0:5, the folding map demonstrated two curves, while the phase diagram demonstrated two closed curves; in this case, the system is in the two-cycle bifurcation state. Fig. 4(c) similarly shows that the inductor current waveform was obtained without overlapping after folding when k ¼ 0:8. The emergence of sine wave clutter and the phase diagram appearance in several irregular points indicate that the high-frequency isolation quasi-Z-source photovoltaic micro inverter system has entered a state of chaos.
4 Stability analysis of high-frequency isolation quasi-Z-source photovoltaic micro inverter
Jacobian matrix
The Jacobian matrix is used to analyze the stability of the converter fixed point to determine the stability region of the high-frequency isolated converter. The Jacobian matrix of the fixed point is established. Based on the assumption that the controlled system is stable in a single periodic state and that the input voltage and reference voltage remain constant, x n ¼x þ X Q , d n ¼d þ D, X Q , and D are the stationary periodic solutions. Linearization processing of small signal perturbation [12] occurs for x nþ1 ¼ fðx n ; d n Þ as follows:
According to the discrete model and equation (18), the Jacobian discrete expression of the system can be derived as follows:
The traditional Jacobian matrix established needs the complex operation of the matrix exponential function. The operation speed is reduced due to the large memory space in the simulation, thereby making the limitations of the traditional Jacobian matrix particularly prominent. Here a discrete model based on coefficient linearization is adopted to transform the preceding matrix index into linear operation to simplify the calculation and improve the operation speed. According to the exponential matrix expansion:
The exponential operations can be converted into linear operations. Then,
The linear discrete model of the main circuit is obtained as follows:
In the formula, P 0 ¼ I þ AT, Q 0 ¼ ½B 3 d n T þ AB 3 d n ð1 À d n ÞT 2 þ ð1 À d n ÞTB 4 Á N½Lð1 À 2DÞ À1 . According to the preceding Jacobian matrix calculation method, the Jacobian matrix of the system is obtained when the coefficients are linearized.
In this study, the proportional control coefficient k is selected as the bifurcation parameter, and the other selected system parameters are shown in Table I . According to the schematic of the high-frequency isolation quasi-Z-source inverter shown in Fig. 1 , the eigenvalue of the Jacobian matrix is solved by numerical calculation. For example, when k ¼ 0:4, the Jacobian matrix is J ¼ ½À0:7500 À0:0063; 2:8137 0:7500. The characteristic value is 1 ¼ À0:7382, 2 ¼ 0:7382. When k ¼ 0:4, the system is stable due to j 1 j < 1 and j 2 j < 1. The system is indeed in a single periodic steady state. When k ¼ 0:1$1, the maximum model eigenvalues of the Jacobian matrix are shown in Fig. 5 , where jj max ¼ maxfj 1 j; j 2 jg. Fig. 5 shows that when a value between 0.4 and 0.5 is taken out for k, j max j will exceed 1, and the system will fall into unstable state. That eigenvalues of the Jacobian matrix change when k ¼ 0:4$0:5 can be considered to calculate the critical k value, as shown in Table II . The table also shows that j 1 j is close to 1 when k % 0:46. After numerous numerical calculations, 1 ¼ À1:0002, 2 ¼ 0:7347 when k ¼ 0:4601. The k value at this point is the critical value that contributes to the instability of the system. Beyond this value, the system goes into an unstable state. When k < 0:4601, the eigenvalues of the Jacobian matrix at the stable point are less than 1. The bifurcation occurs when k exceeds 0.4601 and 1 passes through the unit circle from the negative half-axis of the real axis. Simultaneously, one stable point of the system loses stability, and two stable periodic solutions are available. In the high-frequency isolation quasi-Zsource inverter, the Jacobian matrix eigenvalue changes on the real axis of the coordinate axis, and the change of j 1 j is faster than that of j 2 j. If one eigenvalue exceeds the unit circle, then the system becomes unstable; therefore, the maximum model eigenvalue j 1 j is selected as the basis for studying system stability.
Analysis of stability region
The stability curve of the fixed point in Fig. 6 is plotted according to the trajectory of the maximum eigenvalue of the Jacobian matrix. As shown in Fig. 6(a) , the unstable region of the system increases with the increase in the input voltage and the proportional parameter k. Fig. 6(b) shows that a stable periodic region is above the boundary and an unstable periodic region is below the boundary. The stable region gradually decreased when the input voltage increased. Fig. 6 (c) shows that the system will be in steady-state operation with the reduction of the k value and the input voltage. Fig. 6(d) illustrates the distribution of the system stability region under the three bifurcation parameters.
Experimental verification
High-frequency isolated quasi-Z-source photovoltaic inverter circuit has been established to verify the theoretical analysis. The circuit simulation and experiment according to the preceding parameters. The photo of the experiment circuit is shown in Fig. 7(a) . The control circuit comprises drive circuit, sampling circuit, and DSP (TMS320F2812). The driving circuit adopts IRS2186. The output current waveform is obtained under different bifurcation parameter regions. In Fig. 7(b) , when k ¼ 0:4, the output current waveform of the inverter indicates that the system is in steady state. When k ¼ 0:5, the output current waveform of the system is shown in Fig. 7(c) , wherein the bifurcation of the waveform can be obtained, and the system is in bifurcation state. With the increase in k, the experimental waveform shown in Fig. 7(d) when the k ¼ 0:8 shows that the system has entered the chaotic state. From the experimental waveforms and results, the experimental waveforms Moreover, the waveforms are consistent with the bifurcation diagrams illustrated by the discrete iterative mapping equation model, which verifies the accuracy of the preceding theoretical analysis. In summary, the high-frequency isolation quasi-Zsource photovoltaic inverter will produce nonlinear behavior under the control of different k value.
Conclusion
Based on the nonlinear characteristics of power electronic devices, the nonlinear dynamic behavior of a high-frequency isolation quasi-Z-source photovoltaic inverter under proportional control is studied. Based on the inverter state equation, a discrete iterative mapping model for the analysis is established. The chaotic and bifurcation phenomenon of the inverter are illustrated by the phase diagram and the folded graph with different proportional parameters. The bifurcation diagram is used to determine the stable operation region of the filter inductance, input voltage, and the proportional factor k. Based on the modeling and simulation of the circuit, the accuracy of the theoretical analysis is proven to some extent. Finally, the results are verified by the experimental results. The results of this study can provide a reference for the nonlinear mechanism analysis of the inverter and have important theoretical guidance for the optimal design of circuit parameters and control operation.
